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Origin of thermally stable ferroelectricity in a porous barium titanate thin
film synthesized through block copolymer templating
Abstract
A porous barium titanate (BaTiO 3 ) thin film was chemically synthesized using a surfactant-assisted sol-gel
method in which micelles of amphipathic diblock copolymers served as structure-directing agents. In the
Raman spectrum of the porous B aTiO 3 thin film, a peak corresponding to the ferroelectric tetragonal phase
was observed at around 710 cm -1 , and it remained stable at much higher temperature than the Curie
temperature of bulk single-crystal BaTiO 3 (∼130 °C). Measurements revealed that the ferroelectricity of the
BaTiO 3 thin film has high thermal stability. By analyzing high-resolution transmission electron microscope
images of the BaTiO 3 thin film by the fast Fourier transform mapping method, the spatial distribution of
stress in the BaTiO 3 framework was clearly visualized. Careful analysis also indicated that the porosity in the
BaTiO 3 thin film introduced anisotropic compressive stress, which deformed the crystals. The resulting
elongated unit cell caused further displacement of the Ti 4+ cation from the center of the lattice. This
displacement increased the electric dipole moment of the BaTiO 3 thin film, effectively enhancing its
ferro(piezo)electricity.
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A porous barium titanate (BaTiO3) thin film was chemically synthesized using a
surfactant-assisted sol-gel method in which micelles of amphipathic diblock copoly-
mers served as structure-directing agents. In the Raman spectrum of the porous
BaTiO3 thin film, a peak corresponding to the ferroelectric tetragonal phase was
observed at around 710 cm1, and it remained stable at much higher temperature
than the Curie temperature of bulk single-crystal BaTiO3 (∼130 ◦C). Measurements
revealed that the ferroelectricity of the BaTiO3 thin film has high thermal stability.
By analyzing high-resolution transmission electron microscope images of the BaTiO3
thin film by the fast Fourier transform mapping method, the spatial distribution of
stress in the BaTiO3 framework was clearly visualized. Careful analysis also indi-
cated that the porosity in the BaTiO3 thin film introduced anisotropic compressive
stress, which deformed the crystals. The resulting elongated unit cell caused fur-
ther displacement of the Ti4+ cation from the center of the lattice. This displacement
increased the electric dipole moment of the BaTiO3 thin film, effectively enhancing
its ferro(piezo)electricity. © 2017 Author(s). All article content, except where oth-
erwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4995650]
In early 1940s, barium titanate (BaTiO3, hereafter denoted as BT) was the first metal oxide
discovered to be a typical perovskite ferroelectric material.1 BT is still widely used because of
its balanced ferroelectric and piezoelectric responses, as well as its favorable coupling factor and
dielectric constant. In addition, lead-free BT is an eco-friendly material, so it has drawn great interest
as a replacement for lead zirconate titanate. At room temperature, the crystal phase of BT is tetragonal
with a ratio of lattice parameters c to a (c/a) that is not equal to 1. In the tetragonal phase, the BT lattice
is slightly distorted, and the cations (Ba2+, Ti4+) and anions (O2) are displaced in opposite directions.
This displacement results in the spontaneous polarization of BT. When the temperature increases to
the Curie temperature (TC), the phase transition to the cubic phase occurs. In the cubic phase of BT
that has c/a = 1, the lattice distortion is relaxed, and the ferroelectricity is lost. Because TC of BT is
relatively low (around 130 ◦C), BT is not a suitable ferroelectric material for use at high temperature.
aPresent Address: Research Institute for Science and Technology, Tokyo University of Science, 2641 Yamazaki, Noda, Chiba
278-8510, Japan.
bElectronic addresses: suzuki.norihiro@rs.tus.ac.jp and yusuke@uow.edu.au
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To increase TC of BT, the ferroelectric (tetragonal) phase has been stabilized by applying stress
at the heterointerface. For example, Choi et al.2 enhanced the ferroelectricity of BT films epitax-
ially grown on GdScO3 (110) and DyScO3 (110) substrates by utilizing the biaxial compressive
stress caused by the lattice mismatch. In simple bilayer structures, however, the stress relaxes as the
BT film becomes thicker. Thus, the enhancement of TC is limited to very thin films (less than ten
nanometers thick),3,4 which are impractical for device applications. To increase the BT film thickness
while preventing stress relaxation, a superlattice (periodic structure of very thin layers) and a three-
dimensional (3D) heteronanostructure have been developed. Harrington et al.5 synthesized vertical
mesostructures of BT and Sm2O3 to obtain micrometer-order thick films with TC above 800 ◦C.
Inspired by this study, we chemically synthesized a 3D nanocomposite by introducing a precursor
solution of BT onto a mesoporous strontium titanate (SrTiO3, hereafter denoted as ST) thin film.6
TC of the resulting ST/BT nanocomposite reached 230 ◦C.
Our idea is that the curvature of porosity itself creates such stress that it can cause TC of a thin
film to increase without heterointerfaces. In a previous report, we synthesized mesoporous BT thin
films by a surfactant-assisted sol-gel method and found that TC of a porous BT thin film increased up
to around 470 ◦C.7 Such enhancement of TC did not occur in a non-porous BT thin film synthesized
by the same procedure. In addition, the piezoelectricity of the mesoporous BT film was higher than
that of the non-porous one. In this study, we visualize the stress within the porous framework of a
mesoporous BT film and clarify the thermal stability of the ferroelectric (tetragonal) phase induced
by such stress. It is proved that mesopore-induced stress is the main reason for the enhancement of
TC of the thin film.
In the experiment, a polystyrene-b-poly(ethylene oxide) diblock copolymer [PS(18000)-
b-PEO(7500)] (50 mg) was dissolved in tetrahydrofuran (THF) (1.5 ml) at 40 ◦C and then cooled
to room temperature. Barium acetate (127.7 mg) was dissolved in 37 wt. % acetic acid (830 µl) by
stirring at 50 ◦C for 5 min. After cooling to room temperature, titanium(iv) butoxide (170 mg) was
added to the barium acetate solution, which was then stirred for 1 min. The polymer solution was
added dropwise to the barium acetate solution, and then the resulting mixture was spin-coated onto
a Si/SiOx/Ti/Pt substrate at 3000 rpm for 30 s. After annealing at 120 ◦C for 5 min, the film was
calcined in air at 800 ◦C for 10 min with a ramp rate of 1 ◦C·min1. Bulk BT single crystals (Crystal
Base, Co., Ltd.) were used as a reference.
First, the synthesized mesoporous BT thin film was characterized by transmission electron
microscopy (TEM) and scanning electron microscopy (SEM) using SU-8000 (Hitachi) and
H-9000NAR (Hitachi) microscopes, respectively. The surface SEM image confirmed that the synthe-
sized BT thin film contained pores [Fig. 1(a)]. A low-magnification SEM image revealed that neither
cracks nor voids were present in the film within an area of several square micrometers. The morpho-
logical features of the film in the depth direction were investigated by obtaining cross-sectional TEM
images. Large crystallites with lengths of several tens of nanometers were vertically stacked, and the
gaps between these crystallites formed pores. The estimated thickness of the BT thin film was around
200 nm [Fig. 1(b)].
To investigate the crystallinity of the BT framework, wide-angle X-ray diffraction (WAXD)
measurements were performed on a Rigaku RINT-Ultima III diffractometer using Cu Kα radia-
tion. Prominent diffraction peaks of BT were clearly observed, showing that the framework was
well crystallized. Unlike in our previous study,7 diffraction peaks originating from Si-containing
by-products were not observed [Fig. 2(a)]. Because a Si/SiOx/Ti/Pt electrode was used in this study,
the precursor solution was protected from direct contact with Si/SiOx. Therefore, no unwanted reac-
tion with Si occurred during the synthesis. The weak peaks at 2θ = 22◦–32◦ were from BaCO3 and
TiO2. BaCO3 was formed by reaction of BT with atmospheric and/or solvated CO2.8,9 Although
BaCO3 decomposes during thermal treatment in the range of 500–900 ◦C,10,11 a small amount of
BaCO3 remained, probably because of the insufficient thermal treatment (800 ◦C for 10 min). Based
on the reactions in an aqueous environment,9 the proposed formation mechanism of BaCO3 and TiO2
is as follows:
BaTiO3 + H2O=Ba
2+ + TiO2 + OH
− (Hydrolysis),
BaTiO3 + CO2 =BaCO3 + TiO2 (Reaction with dissolved CO2).
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FIG. 1. (a) Top-view SEM and (b) cross-sectional TEM images of the synthesized porous BT thin film.
However, the diffraction peaks of BaCO3 and TiO2 are much weaker than those of BT. Therefore,
the amounts of BaCO3 and TiO2 are supposed to be much smaller than that of BT.
Although the WAXD pattern confirmed the crystallization of the BT framework, it was still
difficult to distinguish between the (ferroelectric) tetragonal and (paraelectric) cubic phases because
the WAXD patterns of both phases are similar. The main difference is that the peak at 2θ = 45◦ for the
cubic phase is split for the tetragonal phase. In this study, detecting such splitting was hard because
the peak width was broadened due to the polycrystalline nature of the film.
We employed Raman spectroscopy to investigate the local structural properties in the porous BT
thin film [Fig. 2(b)]. Raman spectra of the thin film were collected with an XploRA Plus confocal
Raman microscope (Horiba) using an excitation wavelength of 532 nm. In a bulk BT single crystal,
characteristic bands at 275, 305, 515, and 720 cm1 were observed at room temperature, which could
FIG. 2. (a) WAXD pattern and (b) Raman spectrum of the synthesized porous BT thin film measured at room temperature.
The prominent peak at 2θ = 31.6◦ in the WAXD pattern can be assigned to the (101) or (110) plane of the tetragonal or cubic
phase of BT. The Raman spectrum of a bulk BT single crystal is also included as a reference.
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be assigned to the A1(TO), B1 + E(TO + LO), E(TO) + A1(TO), and E(LO) + A1(LO) modes of
the tetragonal phase, respectively.12 In the case of the porous BT thin film, splitting of the A1(TO)
mode compared with that of the bulk BT single crystal was also confirmed. This change can be
attributed to the in-plane compressive stress induced by the interfacial stress. From comparison with
high-pressure Raman data, the shift corresponds to an in-plane stress of ∼2 GPa with respect to that
of the bulk BT single crystal. This level of stress is sufficient to achieve stress-induced effects on
dielectric/ferroelectric properties.
We also carried out temperature-dependent Raman spectroscopy measurements (Fig. 3). The
thin film was heated from room temperature to 525 ◦C at a ramp rate of 15 ◦C·min1 on a heating
stage. The measurements were conducted at three points, and the obtained spectra were averaged.
When a bulk single crystal was heated, clear peaks at 305 and 720 cm1 disappeared at 140 ◦C
[Figs. 3(a-1) and 3(a-2)]. This is attributed to the phase transition from the (ferroelectric) tetragonal
FIG. 3. Temperature dependence of the Raman spectra of [(a-1) and (a-2)] a bulk BT single crystal and [(b-1) and (b-2)] a
synthesized porous BT thin film. [(a-2) and (b-2)] is an enlarged image at 650–800 cm1.
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to the (paraelectric) cubic phase and is consistent with TC of a bulk BT single crystal (∼130 ◦C).
In contrast, the peak at 710 cm1 for the tetragonal phase remained stable to a much higher temperature
for the synthesized porous BT thin film. As the temperature rose, this peak gradually became weaker
and broader, although it was detectable even at 375 ◦C [Figs. 3(b-1) and 3(b-2)]. This shows that TC
of the porous BT thin film is much higher than that of the bulk BT single crystal and confirms that
the pore-driven stress in the BT thin film is effective at thermally stabilizing the tetragonal phase.
The spatial distribution of stress in the porous BT framework of the thin film was examined by
fast Fourier transform mapping (FFTM).13 Prior to TEM observation, a cross-sectional specimen
was prepared by focused ion beam milling. The deformation within the obtained TEM images was
visualized by FFTM. FFTM is a method used to analyze and visualize tiny distortions from the
FFT patterns of high-resolution TEM images. Figure 4 presents TEM images of areas of the thin
film with convex and concave surfaces [Figs. 4(a) and 4(b)] and their corresponding FFTM images
[Figs. 4(c)–4(f)]. In FFTM images, we used the “deformation ratio,” which was defined as the ratio of
the distances between adjacent atoms deduced by tracking the positions of FFT peaks to the strain-free
distance between those atoms. The FFTM image for the [1-10] direction in a convex area revealed that
the outermost convex surface was slightly expanded, which caused lattice relaxation and weakened
ferroelectricity. Conversely, the areas below the surface were compressed. Compressed areas clearly
FIG. 4. [(a) and (b)] High-resolution TEM images and [(c)-(f)] FFTM images of [(c) and (e)] convex and [(d) and (f)] concave
areas of a porous BT thin film. The orientation of FFTM images is [(c) and (d)] [1-10] and [(e) and (f)] [11-1]. In the FFTM
images, blue and red parts represent the areas where compressive and tensile stresses are applied, respectively. The orientation
used for the analysis is also shown on the left side.
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FIG. 5. Histograms of distortion analyzed in (a) convex [shown in Figs. 4(a), 4(c) and 4(e)] and (b) concave [shown in
Figs. 4(b), 4(d) and 4(f)] areas of the BT thin film.
appeared inside the framework [Fig. 4(c)]. These findings are consistent with previous work reporting
that the surface of a BT nanoparticle was composed of paraelectric cubic phase, while its inner core
was the ferroelectric tetragonal phase.14,15 For concave areas, although deformation of the outermost
surface was not clearly observed, probably because the surface was polygonal rather than curved,
compression/relaxation was detected in the pore wall [Fig. 4(d)]. In contrast, the FFTM images for
the [11-1] direction in both convex and concave areas did not clearly show lattice expansion and
contraction [Figs. 4(e) and 4(f)], suggesting that there was little deformation of the BT unit cell in
this direction.
To examine the deformation of the BT lattice more quantitatively, the degree of deformation was
summarized in the form of histograms (Fig. 5). In the [11-1] direction, the histograms are centered at
a deformation ratio of 1 and are nearly symmetrical for both convex and concave areas. This indicates
that there was little stress in the [11-1] direction. In contrast, the histograms for the [1-10] direction
contained marked peaks at a deformation ratio of around 0.99, indicating areas where compressive
stress existed in the BT thin film. These results reveal that anisotropic compressive stress in the
[1-10] direction existed in the porous BT thin films. Compressive stress along the [1-10] direction
increased the c/a ratio, causing further displacement of Ti4+ cations from the center of the lattice.
This displacement increased the electric dipole moment of the thin film, which, in turn, enhanced its
ferro(piezo)electricity.
In conclusion, we examined the ferroelectricity in a chemically synthesized porous BT thin film.
In the Raman spectrum of the thin film, a peak attributed to the (ferroelectric) tetragonal phase at
∼710 cm1 was observed at room temperature and remained stable until a much higher temperature
than TC of bulk BT (∼130 ◦C). Analyzing high-resolution TEM images of the thin film by the
FFTM method revealed compressive stress along the [1-10] direction, which enhanced ferroelectricity
because of the increased c/a ratio (i.e., deformation). These results clarify that the introduction of
porosity thermally stabilizes and enhances the ferroelectricity of BT. To fully utilize this effect of
porosity, a film should ideally contain densely packed pores. However, during the calcination process
to induce crystallization of the BT framework in this study, the porosity decreased because of crystal
growth. Therefore, the pore-driven effects on ferroelectricity were limited. To overcome this problem,
a novel crystallization process that maintains densely packed pores needs to be developed. Research
on this topic is now underway.
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